Introduction
Heterocyclic compounds can be found in many natural and synthetic compounds. They have a wide range of applications, mostly in pharmaceuticals, as well as in color chemistry. Among these compounds, benzimidazole and 2-pyridone have gained wide interest due to their biological, clinical, and industrial applications.
Benzimidazole in natural organic compounds is present as N -ribosyl-dimethylbenzimidazole and it can be found in vitamin B12 as an axial ligand for cobalt 1 as well as in DNA and RNA molecules. 2 Various benzimidazole derivatives exhibit different pharmacological activities such as antihypertensive, 3 antiviral, Azo dyes represent the largest group of colored organic compounds due to the number of variations in the chemical structure and their wide commercial applications. 25, 26 They can be used for the dyeing of natural and synthetic fibers and for coloring plastics, rubber, foods, paints, varnishes, printing inks, drugs, and cosmetics. A number of dyes contain different heterocyclic moieties including benzimidazole and 2-pyridone cores. Benzimidazole-based dyes are used for dyeing of polyester 27 and polyamide fibers. 28 On the other hand, pyridone azo dyes are more abundant. These dyes are used as disperse dyes that are characterized by low aqueous solubility. Disperse dyes are usually applied to hydrophobic fibers like polyester and nylon. Some of the pyridone azo dyes are commercial products. 29 A synthesis of azo dyes containing benzimidazole and a 2-pyridone ring from 4-(4-methoxyphenyl)glutaconic anhydride was also reported.
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In this work, we have prepared two dyes from 4-(1 H -benzo[d]imidazol-2-yl)aniline and two 3-cyano-6-hydroxy-2-pyridones having different substituents in position 4 (methyl and phenyl) using a diazo-coupling reaction in order to examine the solvatochromic behavior in various solvents. The tautomerism of the synthesized dyes was also investigated. In addition, a study of the biological activities of the synthesized compounds was performed.
Results and discussion
The aryl azo pyridone dyes studied in this work were prepared according to the synthetic route given in Figure 1 . The synthesis started with the preparation of 4-
and p -aminobenzoic acid 31, 32 and continued with the diazotization of 1. The prepared diazonium salt was then coupled with prepared pyridones, 33,34 using a well-known procedure. 35 The structures of new compounds were characterized via UV-Vis, FT-IR, and 1 H and 13 C NMR spectroscopy as well as elemental analysis data.
The analysis of FT-IR spectra of compounds 3a and 3b suggests the existence of a hydrazone form in the solid state. The conclusion was made due to the detection of two intense carbonyl bands (1619-1655 cm −1 ) and a broad band ascribed to the N-H proton (3424-3426 cm −1 ) .
The NMR data obtained for compounds 3a and 3b at ambient temperature in DMSO-d 6 are given in Section 3. According to the analysis of NMR spectra the obtained dyes exist as hydrazone tautomers in DMSOd 6 . This was concluded by 1 H NMR shifts assigned to the imino proton of the hydrazone group, which are in the range of 14.55-14.71 ppm. This is in accordance with the literature data of the aryl azo pyridone dyes.
33,34
The existence of the hydrazone form was further confirmed by the signals of two carbonyl groups in 13 C NMR spectra observed in the range of 160.7-161.9 ppm.
Solvatochromism
The UV-Vis spectra of the synthesized dyes were measured in the range of 300-600 nm in thirteen solvents of different properties at room temperature (Table 1) . Aryl azo pyridone dyes were characterized by azohydrazone tautomerism due to the proton exchange between a hydroxy group in the pyridone moiety and an azo group. 29 Possible tautomeric forms of the investigated dyes are given in Figure 2 . Structure I is the azo form while Structure II represents the hydrazone form of the investigated dyes. The addition of a base leads to deprotonation and an anion is formed (Structure III). The formed anion is a resonance hybrid of two canonical structures: hydrazone (IIIa) and azo (IIIb). 36−38 According to the data given in Table 1 and the UV-Vis spectra in Figures 3 and 4 , the studied pyridone azo dyes exist generally in the hydrazone form, in the range of 438-457 nm for 3a and 434-468 nm for 3b, except in dipolar proton-accepting solvents (DMF, DMSO; Figure 4 ) where the hydrazone-anion equilibrium has been observed. The introduction of a phenyl group in position 4 of the pyridone moiety causes a bathochromic shift in comparison to a dye with a methyl group in same position. The bathochromic shift is small due to the spatial orientation of the phenyl group to the pyridone moiety and the absence of planarity. 39 Solvent polarity, on the other hand, has an almost negligible impact on the absorption maxima of the investigated dyes, but a slightly hypsochromic effect, with increase of polarity, can be observed. Moreover, a moderate bathochromic effect from ampholytic to aprotic solvents is also observed. Also, in solvents acting as a proton donors, such as acetic acid, a hypsochromic shift is observed with respect to proton-acceptor solvents (DMF, DMSO).
It is well known that the structure of the dye influences the acid-base equilibrium 36−38 as presented in Figure 2 as well as the relative positions of UV-Vis maxima of hydrazone and anionic forms. In dipolar proton-accepting solvents aryl azo pyridone dyes can easily dissociate and an anion form can appear, as shown in Figures 3 and 4 . The same can be achieved by the addition of a base. On the other hand, in acetic acid (proton-donating solvents) the hydrazone form is favorable ( Figure 3 ). This can be achieved also by the addition of an acid. Thus, the concentrated hydrochloric acid and potassium hydroxide solution (1%) were added in drops to an ethanol solution of dyes in order to observe the position of hydrazone and anion forms. The UV-Vis spectra of 3a in ethanol and acid/basic solution are presented in Figure 5 . It can be observed that the addition of concentrated hydrochloric acid has a small hypsochromic shift and a change in shape, indicating that the dye is not completely in the hydrazone form. On the other hand, the addition of a potassium hydroxide solution leads to deprotonation and the formation of anion/hydrazone equilibrium. Higher base quantities do not shift the equilibrium completely to the anion form, which indicates the high stability of the hydrazone form. UV-Vis maxima of anionic forms are at higher wavelengths in comparison to UV-Vis maxima of the hydrazone form, as published before. 
36−38

Biological activity of the investigated aryl azo pyridone dyes
Biocompatibility
As a preliminary biocompatibility test, the MTT 40 test was used to reveal the new synthesized dyes' biocompatibility. The effect of the synthesized dyes on the viability of MRC-5 cells during 24 h was measured. The results from biocompatibility analysis show a very good biocompatibility of the tested dyes in concentrations of 0.01, 0.1, 1, and 10 µ M while the viability of MRC-5 cells in the presence of exanimated dyes was around 100%. The color of the dye solution at concentrations higher than 10 µ M was not adequate for performing the color MTT assay that was used in this investigation. This is because there are no results about biocompatibility at higher concentrations. The present biocompatibility analysis clearly demonstrated the nontoxic effect of the investigated dyes on the normal human fibroblast cell line in the concentration range from 0.01 to 10 µ M, qualifying them as suitable compounds for potential application in the treatment of some pathological conditions in humans.
Antiproliferative activity
According to the good biocompatibility of the investigated dyes and the potential for anticancer activity of compounds with similar structure shown in literature, 41 the antiproliferative activity of the investigated dyes against cancer cell lines HCT-116 and MDA-MB-231 has been tested.
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The assessment of the in vitro antiproliferative activity of the dyes against the human breast cancer MD-MB-231 cell line was performed, and the results are presented in Figure 6 . It can be noticed that both dyes expressed antiproliferative activities against MD-MB-231 cells. Dye 3b exhibited greater potential for inhibition of MD-MB-231 cell proliferation compared to dye 3a, which expressed antiproliferative activity only at higher concentrations (10 and 1 µM) . The influence of dye structure on proliferative activity was observed. Furthermore, the noted antiproliferative activity of the dyes against the human breast cancer MD-MB-231 cell line was checked against another cell line, colon cancer HCT-116, and these results are presented in Figure  7 . The antiproliferative activities of dyes against those cells were not as satisfactory as the detected activities against the MD-MB-231 cells. Both dyes exhibited slight potential for inhibition of HCT-116 cell proliferation at lower concentrations (0.1 and 0.01 µ M). These results indicate that the antiproliferative activity of the investigated dyes was determined by the type of tumor cells. 
ADMET factor profiling
One of the most important factors in the design of biologically therapeutic species is their oral bioavailability. In order to determine which of the investigated compounds possess pharmacokinetic activity, their structural properties have been tested by the empirical 'rule of five' established by Lipinski. 42 The rule states that most 'drug-like' molecules have to satisfy the following four structural features: molecular weight lower than 500; a maximum of 5 atoms that are proton-donors of the hydrogen bonds (-OH and -NH); a maximum of 10 atoms (N and O) that are hydrogen bond acceptors; and a calculated value of the logarithm of the octanol-water partition coefficient (log P ) lower than 5. Molecules satisfying these rules may potentially exhibit good in vivo permeability. 43 Additional structural features that have to be considered in attempts to propose a corresponding SAR model of investigated molecules are number of rotatable bonds lower than 8 and low polar surface area
In accordance with the biological data and ADMET profiling, 3b has been highlighted as a promising antiproliferative agent against MD-MB-231 cells ( Table 2 ). The main difference between 3a and 3b is in the log P-value, which seems to be crucial for the determination of the biological activity. Therefore, further studies have to be directed towards the synthesis of novel 3b derivatives, which may potentially exhibit excellent biological activities against different cancer cells.
Experimental
Materials and methods
All chemical reagents were obtained commercially from Aldrich (USA), Fluka (Germany), Fischer (USA), and Merck (Germany) and were used without any further purification. The melting points were determined in capillary tubes using a Stuart SMP30 melting point system (UK). The IR spectra were obtained using a Bomem MB-Series 100 Fourier transform-infrared (FT-IR) spectrophotometer (USA) in the form of KBr pellets. The 
Synthesis of 2-pyridones
2-Pyridones were prepared according to literature procedures 33,34 from an ester and cyanoacetamides.
6-Hydroxy-4-methyl-2-oxo-1,2-dihydropyridine-3-carbonitrile (2a)
A mixture of ethyl acetoacetate (0.012 mol), cyanoacetamide (0.019 mol), and potassium hydroxide (0.014 mol)
in methanol (20 mL) was mixed and heated under reflux for 1 h. The reaction mixture was cooled and filtrated.
The obtained crystals were dissolved in hot water and filtrated, and after cooling to room temperature, the solution was acidified with hydrochloric acid. The formed crystals were isolated by filtration, then washed with water and methanol. The product was further purified by crystallization from acetone. 
Synthesis of dyes
Both azo compounds were synthesized according to the procedure described as published before 
Cell lines
Normal human fibroblast (MRC-5), human colon cancer (HCT-116), and human breast cancer (MDA-MB-231) cell lines were maintained in monolayer cultures using nutrient medium RPMI 1640 with 10% FBS and antibiotics.
Biocompatibility assay
The biocompatibility testing of newly synthesized compounds is the first step in their biological characterization.
The normal human fibroblast cell line (MRC-5) was used for the evaluation of biocompatibility. MRC-5 cells were seeded in 96-well microtiter plate and cultivated in full culture media for 24 h. After that, the investigated compound was added to cells in final concentrations of 0.01, 0.1, 1, 10, and 100 µ M, except in the control wells, where only the medium was added. Thus, prepared cell cultures were incubated for an additional 24 h.
At the end of this period, the MTT test, 46 as modified by Ohno and Abe, 40 was used for measuring the cell viability/proliferation.
Treatment of cell lines for antiproliferative in vitro screening
The target cell lines HCT-116 and MDA-MB-231 were seeded in quadruplicates into 96-well, flat-bottomed microtiter plates in 0.1 cm 3 of culture medium. After cell adaptation and the adherence of both cell lines, 0.1 cm 3 of the investigated compound was added to cells in final concentrations of 0.01, 0.1, 1, 10, and 100 µ M, except in the control wells, where only the medium was added to the cells and was incubated for an additional 24 h. The effect of the investigated compounds on cell survival was determined at the end of the incubation period by the MTT test 40 as described in the previous paragraph. The antiproliferative effect of the compounds was expressed as a percentage of viable cells.
